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Abstract

In the past few decades biological research related to travelling in space has been rapidly
growing. The majority of this research is for one purpose, to identify risks to human health that
can be caused by the space environment and potential methods to mitigate these risks through
development of novel countermeasures. This research will assure safer travel for astronauts
involved in current missions on the International Space Station (ISS) and future long-term deep
space missions to the moon and Mars. Although such biological research projects have revealed
interesting findings that can potentially assist with these missions, the majority of space biology
researchers have ignored a key biological factor, the microRNAs (miRNAs) that have emerged as
important drivers of biological processes in human health and disease. MiRNAS are a major type
of small non-coding RNA (approximately 22nt in length) that have been shown to be regulators of
protein expression acting at every step from transcription to translation. One miRNA has the
potential to target groups of hundreds of genes. In this comprehensive review, we will cover the
history of miRNAs and the biological processes of miRNAs, our systems biology view of
miRNAs, and finally the existing knowledge of miRNAs related to space biology. We will discuss
the potential use of miRNAs as biological dosimeters for space radiation, the specific role of
miRNAs with regard to radiation and microgravity, and the impact miRNAs have on health risks
associated with spaceflight.

1. Introduction

Throughout the history of the biological sciences, features once considered small and
insignificant are eventually identified as major, and sometimes found to be central mechanisms
behind fundamental biological processes. This evolution of scientific understanding typically
results in the explosion of a new frontier at which we re-evaluate what we previously thought was
fully understood. Until 1993, the classical view of biology was that DNA is the building blocks of
life that is copied or transcribed to messenger RNA (MRNA). Once mRNA is formed through this
process, it is involved in translation which is the process of the mRNA directing protein synthesis
with the assistance of transfer RNA (tRNA). (Figure 1A). This view was held constant during the
studies of many pathological conditions. Unfortunately, this view left out what was previously
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Figure 1. The new view for molecular biology related to miRNAs. A) Classical view of
molecular biology. B) The miRNA related publications over time. Data was gathered from
PubMed. The red dotted line shows an exponential fit to the data points. C) The new
understanding of molecular biology based on miRNAs.

considered insignificant, namely small molecules of non-polyadenylated RNA, considered
breakdown products, or transcripts of non-gene “junk” DNA.

In 1993, Victor Ambros was the first person to discover what was considered “junk” at that
time to have some meaningful biological impact. Ambros et al. [1] discovered in Caenorhabditis
Elegans (C. Elegans) that a 22-nt noncoding region identified as lin-4 controlled the timing of
larval development in C. Elegans by inhibiting the LIN-14 gene. It was shown that the lin-4 gene
produced these 22-nt non-coding RNAs that had partial complementary sequences to the lin-14
gene which caused the inhibition of the gene. At the same time a team led by Gary Ruvkun was
able to establish additional information regarding lin-4 by uncovering the molecular mechanism
of how lin-4 inhibits LIN-14 [2].

Although these were very important discoveries for general biology it wasn’t until 2000 when
the next small RNA was characterized and skepticism from the community regarding its
significance was put aside. Reinhart et al. [3] and Pasquinelli et al. [4] characterized and discovered
that let-7 directly inhibits lin-41 in C. elegans to assist with the late stages of the development
process. The importance of this is work is that it first implicated this class of small non-coding
RNAs in a wide range of regulatory processes controlling gene expression in multiple species. It
wasn’t until a year later that Lagos-Quintana et al. dubbed these non-coding RNAs as microRNAS
(miRNAs or miRs) and further demonstrated the highly conserved nature of the miRNAs between
invertebrates and vertebrates [5]. Shortly thereafter, miRNAs gained attention in the scientific
world as a newly identified class of regulatory RNAs conserved between different organisms that
can target and regulate hundreds of genes [6-8]. Since then, there has been an exponential increase
in reported miRNA-based biology related to many different types of diseases and organisms
(Figure 1B) that has changed the classical view of biology (Figure 1C).

Delineating the production and regulation of miRNA isoforms is currently an evolving field,
but some key steps have been identified and accepted regarding the process of miRNA synthesis.
MIRNA sequences can reside in the intronic and exonic regions of both coding and non-coding
genes [9, 10]. In addition, miRNAs can be single, bi-, or polycistronic and can be transcribed
either dependent or independent of other genes [10-14]. Briefly, the biogenesis of miRNAs in
eukaryotes is known to start with a nuclear phase which occurs via RNA polymerase Il or I11
transcription of long primary RNAs (pri-RNASs) which are typically a few hundred nucleotides
long [15, 16]. The pri-miRNAs are then cleaved to ~70 to 120-nucleotide hairpin shaped precursor



miRNAs (pre-miRNAS) by a multiprotein complex referred to as the Microprocessor primarily
consisting of nuclear RNase I11 enzyme called Drosha and also DGCR8 [17, 18]. The pre-miRNAs
are exported out of the nucleus by the protein exportin-5 [19, 20] and are then cleaved in the
cytoplasm by an RNase 111 family member Dicer [21, 22] into ~22-29nt mature miRNA duplexes.
The two strands are referred to either as the 5p (or 5') or 3p (or 3') strands. From the two strands
that are formed one strand is called the guide strand and binds with catalytic Argonaute (AGO)
proteins and creates a microribonuclear protein complex (miRNP) called RNA-induced silencing
complex (RISC) [23-25]. The other strand is referred to as the passenger strand and is typically
degraded [9, 24, 25], however, for some miRNAs the passenger strand can also bind with the RISC
complex allowing both strands to be functional [26]. This miRNA-RISC complex is then guided
to mRNA to regulate mRNAs. It was originally thought that miRNAs would only degrade or
inhibit MRNA activity [14, 27], but it has been shown that miRNAs can also promote gene
expression [10].

Due to this immense versatility of miRNA interaction, the classical view is thus revised to
include the regulatory influence that miRNAs can have at each stage of gene expression (Figure
1C). A single miRNA may target 100s of genes and predictions have been made to estimate that
up to 30% of all mammalian protein coding genes are regulated by miRNAs [28]. Thus
dysregulation of the mRNAs provides reduced translation impacting the overall output of proteins,
and it has been shown that such inhibition can cause up to 25% reduction of protein expression
[14, 27]. In addition to the impact on protein expression and translation, miRNAs directly affect
DNA. MiRNAs can hybridize with double-stranded DNA (dsDNA) to form triplexes leading to
transcriptional gene silencing [14, 29]. It has also been reported that miRNASs can directly interact
with single-stranded DNA (ssDNA) and directly impact the downstream transcription of target
genes via chromatin modifications [14, 30]. It has even been shown recently that miRNAs are
potentially the key drivers for DNA damage repair through miRNA-DNA hybrids [31]. Lastly,
miRNAs can regulate DNA methylation and conversely DNA methylation can directly impact
mIiRNA activity [32-36]. For example, through aberrant hypermethylation, miRNAs functioning
as tumor suppressors are being down-regulated or silenced which increases malignancy and
metastatic potential in breast cancer [32, 35]. Overall, the inclusion of miRNA biogenesis and
function has revolutionized our view of molecular biology (Figure 1C). In this review we will
tackle how miRNAs impact space biology and what we believe should be focus areas for future
biological space research.

2. How miRNAs Relate to Space Biology

Astronauts are exposed to numerous health risks associated with long term space travel. It is
essential to garner a comprehensive understanding of the mechanisms causing these health risks
in order to develop strategies and countermeasures to ameliorate spaceflight associated disease.
The environment that astronauts are exposed to in space consists of two major components that
contribute to increased health risks: 1) space radiation which is comprised of galactic cosmic rays
(GCR) that contain HZE ions (high (H) atomic number (Z) and energy (E) ions) and periodic solar
particle events (SPEs) mainly composed of protons [37-42]; and 2) microgravity [43-46]. MiRNAs
are increasingly becoming recognized as major systemic regulators of responses to stressors,
including microgravity [46, 47], oxidative stress [48], radiation [49-52], and DNA damage [53,
54]. Some recent studies show the importance of miRNA signatures in response to radiation [49-
52, 55-61], and studies involving low-LET radiation have demonstrated specific miRNA radiation-
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Figure 2. Spaceflight associated circulating miRNA signature
predicted by Beheshti et al. [52, 63]. A) General spaceflight associated
circulating miRNA signature. Figure adapted from Beheshti et al. [63].
B) Specific cardiovascular disease related miRNA signature. Blue
circles represent miRNAs that overlap with Figure 1A. Figure adapted
from Beheshti et al. [52].

be genetically targeted for countermeasure development [62].

Using a systems biology approach, our previous work has shown

dependent signatures.
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and space radiation
or microgravity since
a direct assessment of
mMiRNAS during
human  spaceflight
remains to be
accomplished. There
has been a single
study using a

simulated
microgravity model
in humans [60] and
none using
spaceflight samples.
Studying the direct

influence of
spaceflight on the
mMiRNAs of
astronauts will

expand our general
knowledge of human
miRNA  functions,
allow us to evaluate
miRNAs as potential

minimally invasive
biomarkers, and
uncover specific

miRNAs that could

that TGFp signaling

pathways are modulated by a spaceflight-associated miRNA signature, and hence impart critical
immune response changes during spaceflight. Specific components of this miRNA signature are
postulated to have direct impact on the cardiovascular system (Figure 2) [52, 63]. To determine
and predict such miRNA signatures and their relationships, we utilized NASA’s GeneLab platform
(genelab.nasa.gov) [41, 64]. GenelLab is the first comprehensive platform to provide the public
with omics data related to space biology. Although the system currently lacks miRNA-based omics
data, the extensive GeneLab omics collection can still be used creatively to predict miRNA
signatures via its suite of in silico algorithms and methodologies. We followed an approach
utilizing transcriptomic GenelLab datasets of multiple tissues from mice flown in space to
determine the first predicted miRNA signature associated with spaceflight (Figure 2A) [63].
Surprisingly, as described in Beheshti et al. [63], distinct miRNAs from the overall signature have
been previously shown to be regulating specific functions in tissues due to spaceflight. For



example, miR-21 has been shown to be involved in T-cell activation during microgravity
conditions [58]. Indeed, each miRNA in our overall predicted miRNA signature had previously
been insinuated with some aspect of spaceflight response, but until the advent of our GeneLab
analytics, the integrated picture has been elusive. In the next section we will further explore how
a systems biology approach to studying miRNAs can provide an integral view of how miRNAs
are truly involved in spaceflight. In addition to generalized spaceflight-associated miRNA
profiling, we have predicted a miRNA signature specifically associated with cardiovascular
disease risk due to space radiation (Figure 2B) [52]. In an independent analysis focused on datasets
from GeneLab associated with cardiovascular disease, we were able to predict a second group of
miRNAs being regulated in this system. From within this group we found three miRNAs that
overlap with the initial spaceflight-associated miRNA signature, indicating that these three
miRNAs may comprise the portion of the signature impacting cardiovascular disease [52]. In the
following sections we will provide detailed information regarding how specific miRNAs will
impact certain diseases and organisms associated with both microgravity and space radiation.

3. Systems Biology View of miRNAs

The majority of miRNA research tends to focus on just one or two miRNASs that are driving
the system under study. Although focusing on a few factors does allow better understanding of
how individual miRNAs impact the biology of an organism, the true association of how a
biological system is impacted by all miRNAs is lacking. In this section we will highlight the
importance of studying miRNA biology in groups rather as individuals — something that leads to
better specific miRNA signature discovery in space biology.

We propose that utilizing a miRNA systems biology approach will provide a more accurate
representation compared to studying miRNAs in isolation. We will use one of the first miRNAs
discovered and one of the most studied miRNAs, let-7, as an example. When only considering let-
7 as the miRNA of interest, a person can only observe that this miRNA contributes to decreased
health risk (Figure 3A). Specifically, it has been observed that let-7 acts as a tumor suppressor
when studied alone [65]. So, in that context a researcher would believe that an increase in let-7
expression decreases health risks. However, others have discovered that high-levels of let-7 lead
to tumorigenesis by causing liver damage and degeneration [66]. This functional duality causes
confusion — what is the biological relevance of this miRNA to disease in general?

To add another layer to the complexity of focusing on one miRNA at a time we consider
situations where the same miRNA has been discovered to increase health risks for a certain disease
while decreasing health risks for other diseases. Again, we turn to let-7 as example. In cancer,
overexpression of let-7 has classically been thought to act as a tumor suppressor. But when
broadening the search to include different diseases, one learns that overexpression of let-7 can
impart increased risk of neurodegeneration through activation of Toll-like receptors [67]. And even
in cancer, contradictory results have been published stating that let-7 can be a tumor suppressor or
a promoter depending on the cancer type.

Since focusing on a single miRNA may provide misleading information on its overall impact
on disease, how does studying two miRNAs at once change this view? For this example, we visit
again let-7 and another well studied miRNA, miR-21. Similar to let-7, miR-21 has been shown to
be involved in many different diseases, the overexpression of miR-21 showing both beneficial and
negative health impacts [68]. The publication prevalence for each of these miRNAs alone would
cause one to expect that there would also exist prevalent publications describing a relationship
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Figure 3. Systems biology view of miRNAs. Network figures generated with Cytoscape plugin
ClueGo.

between these two miRNAs. But in fact, there are only a handful of publications that describe any
direct impact of both miRNAs together [69-71]. We attribute this to the following, since the
literature indicates that miR-21 and let-7 tend to have a reverse role in disease, these miRNAs
studied together in isolation will most likely produce no change in health risks (Figure 3B). We
hypothesize that any oppositely regulated miRNA set will basically negate any imbalance of the
overall health risk based on the interactions with certain genes. This results when targets, genes,
and/or molecular pathways are shared between two miRNAs, such as miR-21 and let-7 (Figure
3B). This again causes misleading results, especially in diseases where considering all factors both
of these miRNAs share might be important, but with this view the importance will be missed.
This leads us to the systems biology approach which we consider the optimal way of viewing
miRNAs related to diseases. (Figure 3C). We hypothesize that for any disease, stressor or
environmental influence, there exists a miRNA signature consisting of multiple miRNAs that will
function in unison to impact entire pathways and elicit systemic changes or disease progression.
Using this ideology we have been able to determine a miRNA signature that is associated with
lymphoma (specifically Diffuse Large B-Cell Lymphoma) [72], a general spaceflight associated



miRNA signature [63], and a predicted cardiovascular spaceflight associated miRNA signature
[52]. The interactions between the group of miRNAs and the overall genes that will be affected,
can be thought of as the key pathways for that certain disease or health risk. This view of how
miRNAs function together will also explain why miRNAs in different contexts, such as different
diseases, will behave differently. Since the same miRNA will interact with different groups of
miRNAs for specific diseases, this will change the overall way the miRNA will behave when
viewed in isolation in relation to that health risk. Once we consider how the rest of the miRNAs
for that signature for the specific health risk interact with each other, then one can start to
understand how these specific miRNAs will change. Utilizing this systems biology approach will
allow us to fully understand how miRNA dysregulation impacts disease and has potential to clear
up confusion on the complexity of individual miRNA changes.

4. MiRNAs Present in Many Organisms and the Association with Space
Biology

The presence of mMIRNAs has been observed in all organisms. Within species, miRNAs are
shown to be highly conserved functionally, but across kingdoms (i.e. miRNAs in plants and
animals) evidence indicates that miRNAs are less conserved [73, 74]. Recent findings show that
plant miRNAs enter mammalian systems through the bloodstream via the gastrointestinal tract to
interact directly with the host’s biology [75], an indication of conserved functionality of miRNAs
within species and the possibly of differentially functional miRNAs impacting other organisms
across species. Since ongoing space biology research is not only focused on human health (i.e.
involving work done on vertebrates and invertebrates), but also includes studies of plants,
microbes, and viruses, the miRNAs being transmitted within and between species can be important
biology in a space environment. In this section we will briefly discuss the presence of miRNAs in
different organisms and which organisms are poised for miRNA space biology research.

miRNAs Presence in Vertebrates for Space Biology Research

Although the first miRNA was discovered in C. elegans as described above, it was
subsequently discovered that miRNAs play key roles in all vertebrates. MiRNAs exist in all
mammals, birds, fish, reptiles, and amphibians, and the abundance of miRNAs in these different
organisms exemplifies the important role it plays in vertebrates and their concomitant evolutionary
biology. Vertebrate use in space biology research is primarily focused on humans and rodents [76]
with occasional research that is also being done on fish (mainly zebrafish) [77-80]. Studies of
vertebrate model systems miRNAs will be central to understanding molecular expression changes
caused by the space environment since miRNAs can potentially be key drivers behind these
changes. It has been shown that mature miRNAs are highly conserved in functions and sequences
among vertebrates while the pri-miRNASs are not [81]. MiRNA space biology studies are primarily
performed in vivo utilizing mice [55, 82], simulated microgravity experiments with humans
referred to as bedrest studies [83, 84], or in vitro studies involving human cells [56-59, 85, 86].
Due to the conserved nature of miRNAs between mice and humans the majority of the rodent
studies can be easily translated to human biological issues, but care should be taken in that mouse
and human genes and disease are not always well correlated, especially in neural systems (see
below).



miRNAs Presence in Invertebrates for Space Biology Research

In addition to vertebrate models, the primary organisms that scientists utilize for space biology
related research are Caenorhabditis elegans (C. elegans) [49, 87-92] and Drosophila melanogaster
(D. melanogaster) [93-97]. Both models are used to study factors related to human biology. For
example, Drosophila is a model utilized to study immune related factors being regulated by the
space environment [94, 95]. C. elegans is a decent model to provide a human analog for muscle
related adaption to spaceflight, developmental biology in space, and space radiation [91].
Currently, miRNA related research done in invertebrates is primarily performed using C. elegans
[49, 87, 90], these have focused on aspects of microgravity and space radiation causing apoptosis
[49] and morphogenesis and development in the space environment [87]. Unfortunately, the
miRNA research on invertebrates in space is rather limited, and besides these few C. elegans
miRNA studies, there are no Drosophila related miRNA research studies reported. We will discuss
below miRNAs involved with health risks and diseases and suggest possible future experiments
that will be useful to conduct on invertebrates.

miRNAs Presence in Plants for Space Biology Research

Space biology research also includes studies of how various plants respond to the stress of
spaceflight and of adapting plant growth to the space environment [98-104]. The majority of space
biology plant research is performed on Arabidopsis thaliana [100-102, 104] which is a small
flowering plant widely used as a model organism in terrestrial plant biology. The rapid life cycle,
small genome, extensive genetic chromosomal maps, large seed productions, easy cultivations,
and its ability to self-pollinate and cross-pollinate provides advantages that make Arabidopsis
thaliana the optimal model organism to study plant biology in orbit [105, 106]. Interestingly, the
first miRNAs associated with plants were discovered in Arabidopsis in 2002 by Llave et al. [107],
Park et al. [108] and Reinhart et al. [109]. The differences between plant miRNAs and miRNAs
of vertebrates and invertebrates is that plant miRNAs have a near-perfect complementarity to their
MRNA targets [110]. This feature of plant miRNASs leads to increased target mMRNA abundance,
more efficient bonding with the target mMRNASs to breakdown/silence the mRNAs, and increased
confidence of miRNA target identification and validation [106, 109, 110]. In addition, similar to
miRNAs in animals, plant miRNAs are highly conserved between different species of plants [110,
111].

Although miRNAs are heavily studied in terrestrial plant biology, in the field of space biology
there is a distinct lack of research being done on the miRNAs of plants grown in the space
environment. A current literature search reveals but one study by Xu et al. studying the impact of
miRNAs for simulated microgravity experiments on Solanum lycopersicum (commonly known as
a tomato) [112]. Their study revealed that long-term simulation of microgravity on Solanum
lycopersicum resulted in response of miRNAs targeting genes involved in transcription regulation,
signal transduction, and stress response. In addition, one of the key identified miRNASs, miR15%,
demonstrated an accumulation of starch under microgravity conditions. Lastly, seven of miRNAs
identified to response to stress under microgravity conditions were conserved in other plants. Xu
et al.’s research provides a good example of the influence that miRNAs have on plants during life
in the space environment, and the highly conserved nature of plant miRNAs lends itself to finding
universal responses for miRNAs driving plant biology in space. Further research must be
conducted to extend such findings.



miRNASs Presence in Microbes for Space Biology Research

How the space environment impacts microbes is also a burgeoning area of research for space
biology. Ongoing studies examine microbes which are currently growing on the International
Space Station (ISS) [113-116], how the microbial flora in humans change due microgravity and
space radiation components [117-119], and potential ways microbes can be used as
countermeasures to mitigate the space-related health challenges (i.e. probiotics) [120, 121]. One
astronaut health concern is changes to the gut microbiome in response to long-duration spaceflight.
It has been discovered that there is an increase in the relative abundance and complexity of the gut
microbiome during spaceflight [122], which is hypothesized to be caused by the diet the astronauts
consume. Conversely, it was also observed that there are decreases in beneficial microbes or
commensals, such as Lactobacillus - this raises concerns about the overall health of astronauts on
long-term space missions [123]. In addition, it has been reported that the space-modified gut
microbiome may not recover within 60 days after return to earth [123, 124]. It is know that
alterations of the healthy human terrestrial microbiome can lead to numerous health risks including
but not limited to diabetes, anxiety, cancer, and infections [122, 125]. More research is required to
fully understand whether spaceflight-associated gut microbiome changes indicate dysbiosis, or are
tied to adverse health outcomes, but potential dysbiosis resulting from these shifts is currently of
great concern.

It has been reported that miRNA’s have direct impact on the gut microbiota by modulating the
microbiota composition [126, 127]. Recent work has shown that miRNAs are able to enter gut
bacteria and co-localize with the bacterial nucleic acid and that abundant amounts of miRNAs are
present in fecal bacteria [126]. The influence of these exogenous miRNAS on gut bacteria results
in direct regulation of gene expression and modulation of proliferation [126, 127]. The mechanism
and process of these miRNA’s entry into gut bacteria and the origin of the fecal miRNAs is not
understood. The relationship between miRNAs and the gut microbiota becomes more complex
with consideration of host diet. Changes in diet are known to impact the composition of the gut
microbiota [128], which utilizes compounds that are unavailable to host metabolism and converts
them into metabolites that may affect multiple factors of host physiology [129, 130], including
miRNA expression. For instance, the short chain fatty acid butyrate, a product of fiber metabolism
by species in the gut microbiota, was shown to inhibit the pathway for expression of an oncogenic
miRNA in a colorectal cancer model [131]. A few recent studies have even shown an association
between ingestion of specific probiotic bacterial strains with modified miRNA expression and
improved gut microbiota composition in mouse models of colitis [132, 133].

With this complex interaction between miRNAs and microbes and the potential impact that
spaceflight has on the overall microbial flora in humans, it is warranted to advance our
understanding of the space environment’s impact on miRNA infractions with microbes. Currently,
there is a lack of direct research being performed in this arena. To demonstrate the potential
influence of MiRNAs on microbes we utilized our predictive tools and techniques [52, 63, 72] and
predicted from our spaceflight associated miRNA signature (Figure 2A) the potential impact it
might have on microbial activity and function. We are able to determine that the spaceflight
associated miRNA signature including the key gene targets (TGB1 and p53) [63], effect microbial
related functions (Figure 4). The miRNA signature seems to be inhibiting bacteria death and
invasion along with associated inflammatory and immune responses. In addition, we predict that
enteritis should be strongly activated. Enteritis is a gastrointestinal disease that promotes



inflammation of the small
intestine and is known to be
caused by microbial changes
in the gut [134-136]. It has
also been shown that
radiation  treatment  for
diseases like cancer induces
radiation enteritis by causing
a selective imbalance of the
gut microbiota due to
differential radiation
sensitivity [134]. Although
miRNAs have not yet been
investigated in association
with enteritis resulting from
radiation  treatment, the
evidence here suggests a link
between them. Our
predictive data provides a
compelling association
between mMIRNA profiles,
gut microbiota and human
health that could be
important on earth as well as
in spaceflight.
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Figure 4. Circulating Spaceflight miRNA signature
predicted impact on microbial related functions. Predictions
were made using Ingenuity Pathway Analysis. Red =
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= activated pathways, Blue = inhibited pathways, and Yellow =
prediction is contrary to what is known in the literature.

the space environment (specifically immune suppression) [46, 83, 94], Such changes are reported
to be causative in the reactivation of dormant viruses such as Varicella Zoster Virus (also known
as chickenpox) which is one of the eight known human herpes viruses [137]. These viruses
typically remain inactive in immune cells throughout a person’s lifetime. Rooney et al., has shown
that due to the immune alterations occurring during spaceflight there is a high rate of reactivation
of these herpes viruses. This is, of course, particularly concerning in astronauts who need to avoid
passing any of these reactivated viruses to unaffected crewmates and/or the virally-associated
problematic health issues during long-term space missions [137].

Due to the dearth of research on viruses and space biology, there currently is a lack of
information concerning how miRNAs might be directly involved with this viral reactivation
problem. However, the terrestrial research done on the interactions between miRNAS and viruses
have revealed a complex interaction, and perhaps some hints. Specifically, viruses have been
shown to avoid the immune response by making use of cellular miRNAs to finish their replication
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cycles [138]. The following mechanisms have been shown to be central in the interaction of viruses
and miRNAs: 1) miRNA pathways are blocked or inhibited by viruses interacting with key
proteins [139], 2) viruses may employ specific target mRNAs to avoid or dysregulate cellular
miRNAs [140, 141], 3) viruses can utilize miRNAs to redirect regulatory pathways to other
miRNA targets to provide survival advantages [142], and viruses can encode miRNASs to produce
viral miRNAs with well-defined functions to specifically target and regulate functions related to
that virus [143, 144]. The reports of interplay between herpes viruses and miRNAs provide the
best examples of how miRNAs are utilized by herpes virus to avoid the immune system and
advance infections and disease [138, 140, 145]. Although, there isn’t currently any research
focused on miRNA-viral themes during spaceflight, the existing literature outside of space biology
indicates that more attention should be given to this subject.

5. Circulating miRNAs and the Implications for a Minimally Invasive
Biomarker for Diseases and Spaceflight Associated Health Risks

Due their small size and enhanced stability, miRNAs can circulate throughout the body and
they have been found in the majority of the bodily fluids including blood, urine, saliva, and tears
[146, 147]. These circulating miRNAs, also often referred to as extracellular or cell-free miRNAs,
can be found either packaged in exosomes and other micro vesicles or due to their robust properties
can also be freely floating in bodily fluids [148-151]. In the past decade, research has revealed that
approximately 10% of miRNAs are sequestered in exosomes (or vesicles) and the other 90% are
free floating in the fluid packaged with other proteins such as Ago2, high density lipoproteins, and
other RNA-binding proteins [149-153]. It has been reported that unlike the highly unstable nature
of MRNAs, miRNAs are amazingly stable in plasma, serum, and other bodily fluids with resistance
to RNase activity, extreme pH, and multiple freeze-thaw cycles even after remaining 24 hours at
room temperature in the specific fluid after extraction [148].

These properties of circulating miRNAs make them ideal candidates for a simple blood/bodily
fluid-based biomarker to identify disease initiation and progression. Researchers are already
demonstrating the powerful potential of utilizing circulating miRNAs to easily detect diseases and
health status in cancers, cardiovascular disease, and muscle related issues [149-152, 154-156]. We
have demonstrated the utility of cataloging circulating miRNAs in both cancer [72] and
microgravity models [63]. Recently, through a systems biology approach, we were able to show
that a distinct circulating miRNA signature in the blood significantly impacts disease development
with and without microgravity [63, 72] and we have further data showing a component of this
microgravity-induced circulating miRNA signature also impacts cardiovascular disease risk due
to spaceflight [52]. Others have similarly reported distinct miRNA signatures in the serum that are
associated with many different diseases and health risks. For example, it has been shown that
specific miRNAs are found in the tears which are associated with eye disorders [157-159] and that
hence specifically circulating miRNA profiles can be used as a biomarker for diabetic retinopathy
[158]. Others have shown that circulating miRNA profiles in cardiovascular disease can be used
as novel biomarkers indicative of disease state [150, 160-163] or as biomarkers of muscle
degeneration [164-166] both with and without radiation damage. It has also been shown that
distinct miRNA signatures for tumor burden arise in the serum and differ with and without
radiation damage [160, 167-169]. Together, these findings support a hypothesis that there exists a
distinct circulating miRNA signature that can affect the entire host from its organs to its tumors.
Additional supporting research exists (mostly in solid tumors) for circulating miRNAs in cancer

11



Predicted Muscle Related Functions Predicted Inmune Related Functions

Acute i mauon

Miyoshi Nemaline
Sylstemlc "‘Y°Pa‘hymyopath
sclerosis Pol
Proliferation of . ./ olymyasitis
cardiomyocytes X Facioscapulohumeral
2 £ cardi X v muscular dystrophy
2O 0N cAN |omyocytes’ < Differentiation of vascular
Disorganii2ation of PN TN smooth,muscle cells
cardlomyocytes \ A/ 7L ¥ L X A Pro1|ferat|on of vascular
Proliferation.of, 7 A% % smooth muscle cells
muscle cells\ o Rapléiy E;ogresswe idiopathic
bR v 2~~",/ pulmonary fibrosis
Cell death of X Stowly

d "
V. pu|mdnary Fbrosns/
17

@ Predicted Activation
@D Predicted Inhibition

Mature Micro
MicroRNA RNA

|s Pt |nf|a tory Inflammation of
Cellular 0! sxs /1 re se body cavity
‘@!‘“ § s

Cellwabu.(y\ / , / 27 y\\ i mﬁammanon of organ

\ /

/. /\/ / / w / In mation of absolute
Cell l‘l?{énl N 1A y X fian

/\

, \)/ /,/ ana(osmcal region

4
alu.ranon of cells

Jl(graﬂon of cells

miR-24-3p __
miR217-5py__ mi
mil -5

Disease Function
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inhibited pathways, and Yellow = prediction is contrary to what is known in the literature.

risk for specific organs, but the where and how and which miRNAs affect non-disease related
organs is not yet well understood. Substantial investment continues in the scientific and biotech
communities to determine how such circulating miRNA profiles indicate or modulate health risk
and disease progression.

Again, circulating miRNA-specific spaceflight-associated health risks are largely unexplored
beyond our work to predict a circulating miRNA signature associated with spaceflight health risks
(Figure 2) [52, 63]. As we discuss in Beheshti et al. 2018 [63], such spaceflight associated
circulating miRNA signatures should be highly relevant to astronaut health, a concept that is borne
out by the fact that the miRNAs in our discovered signature control specific biological functions
and pathways that have regularly been reported as dysregulated during spaceflight (Figure 5).
Overall, circulating miRNA profiles comprise excellent biomarkers for monitoring and assessing
spaceflight associated health risks before, during, and after space missions.

6. MiRNAs Hidden Role with Radiation Damage and It’s Role in Health Risk
Assessment

MiRNA signatures are also associated with radiation responses [61]. A bystander organ-level
response to low-LET radiation has shown a sex-specific deregulation of miRNAs in non-exposed
spleens [170]. Studies involving low-LET radiation have demonstrated specific miRNA radiation-
dependent signatures [61], but little is known concerning the potential influence of miRNAs,
higher-level space irradiation, dose-rate effects or how the miRNAs function differentially in
organs/systems or body-wide. Radiation effects have been reported in association with miRNA
changes, and there are distinct tumor burden-associated miRNA signatures in the serum that arise
differentially with and without radiation damage [160]. This indicates that there exists a distinct
circulating miRNA signature that affects the entire host and that it originates from the organs most
modulated by radiation exposure. Understanding how responses in the body change systemically
as a function of space radiation and the potential use of the germane miRNAs as novel
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biodosimeters are discussed in this section.
Sex Specific miRNA Response from Radiation Exposure

Before we describe in detail the specific impact miRNAs have during radiation response, we
will briefly describe the sex differences that can arise with miRNAs during spaceflight and
radiation exposure. It has been becoming more evident that biological sex differences are an
important consideration when studying health risks associated with spaceflight [171-173].
Unfortunately, there currently is a lack of knowledge on specific sex-dependent miRNAs
associated with exposure to the space environment. In addition, limited knowledge currently exists
on sex-dependent miRNA response to general ionizing radiation. The current literature has
indicated with low-LET radiation that there are specific miRNAs that are associated with by-
stander effects in the spleen as mentioned above [170]. There has also been evidence that there are
sex-specific miRNAs being regulated during radiation exposure to the brain. Specifically, the
miRNA-29 family has been discovered to alter DNA methylation levels as a sex-specific
epigenetic alteration in the hippocampus, cerebellum, and frontal cortex after low-LET radiation
exposure [174]. Although there are some promising results demonstrating the miRNA sex-specific
differences that occur with low-LET radiation exposure, at the time of this writing, no current
literature exists on MiRNA sex-specific differences that potentially can occur during space
radiation exposure. It is our opinion that current research with miRNAs should be pursued to study
sex differences that will occur, which will reveal miRNA-based sex-specific biomarkers and
potential targets for countermeasures.

Chromosome Aberrations Resulting from Radiation Exposure and miRNAs

Radiation exposure results in organism-wide chromosomal aberrations caused by DNA
damage and DNA double-strand breaks (DSBs) misrepair [175-178]. These aberrations can result
in cell death, mutations, creation of micronuclei, immune related changes, and neoplasia [175, 178,
179]. It has been suggested that monitoring chromosome aberrations in the blood after radiation
exposure can be a good tool for radiation biodosimetry [178]. The relationship between miRNAS
and chromosomal abnormalities have been investigated in the context of cancer, since one of the
main health risks due to chromosome aberrations is carcinogenesis. Through these investigations
it has emerged that more than half of miRNAs are located in genomic regions where the
chromosomal abnormalities occur, indicating that the location of the miRNAs are extremely
important [180, 181]. In many cancers, miRNAs associated with oncogenic or tumor suppressor
activity are in genomic regions approximating key cancer-related elements [182]. Regulatory
elements of miRNAs that are around chromosome translocation sites elicit overexpression of
oncogenes such as MYC [183]. It has also become clear that miRNA loci naturally insert into
rearranged regions of chromosomes in early stages of carcinogenesis [180, 184], and this linkage
of miRNAs to chromosomal aberrations has exploited to enable miRNA-targeted cancer therapies
which prevent genomic aberrations from occurring [180, 181, 184].

Since radiation exposure causes high rates of chromosome aberrations similar to that seen in
carcinogenesis [178], it is easy to hypothesize that radiation-specific miRNAs might play a similar
role with radiation-induced genomic aberrations as they do with cancer. Indeed, a recent study has
revealed that radiation-induced miRNA dependent changes do impact the number of chromosome
aberrations that occur and thus result in genetic mutations [185]. Specifically, Liamina et al.
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demonstrated that a radioresistant leukemia cell line compared to a radiosensitive leukemia cell
line had miRNAs being more scattered throughout chromosome with more variance in expression
values after irradiation [185]. There has been previous evidence (mainly involving cancer studies)
showing that expression of miRNAs concentrated in specific regions of the chromosome can be a
sign of more aberrations and/or translocations occurring [181, 186]. By considering this study in
the context of previous knowledge concerning miRNAs, chromosomal aberrations, and cancer, we
can postulate that radioresistant cells and tissues will have higher expression of miRNAs highly
localized in chromosomal regions that are related to cell cycle, DNA repair, and cell death
pathways. Work by Surova et al., confirms that higher expression of miRNAs does occur in
radioresistant cell lines after ionizing radiation in a lung cancer cell line [187]. We can hypothesize
that since functional miRNA groups circulate throughout the body providing a pattern of
expression associated with a certain disease or environmental influence (as elucidated in the
previous sections), then those circulating miRNA groups serves as good indicators of
chromosomal aberrations that are occurring after irradiation, resulting in a good biodosimetry
method to monitor chromosome aberrations. If this hypothesis is proven out, it leads to a quick
and easy application for monitoring risk associated with space radiation.

MiRNAs as a Predictor of Radiation Induced Health Risk and Potential Utilization for a miRNA
Based Biological Dosimeter

Evidence indicating that circulating miRNAs can be a good biomarker via radiation
biodosimetry [188], focuses primarily on low-LET irradiation (i.e. gamma irradiation) and is
starting to show promising results. Cui et al. performed a study observing miRNAs in the plasma
after mice received total body irradiation of 0.5Gy, 2Gy, and 10Gy at both 6 and 24 hours post
radiation [189]. They were able to delineate a circulating miRNA signature in the plasma
associated with changes occurring as a function of increasing dose. They discovered that while at
0.5Gy no negative health risks could be predicted from the miRNA signatures, at 2Gy the miRNA
signature predicted myelosuppressive and immunosuppressive pathway upregulation and at 10Gy
the signature predicted poor survival based on cytokine target dysregulation. Similar results were
obtained by Templin et al. when studying miRNA expression in blood from radiotherapy patients
4 hours after exposure to total body irradiation with 1.25Gy x-rays [190]. They discovered 45
miRNAs that could potentially be useful in biodosimetry.

A few excellent studies focus on miRNAs that were observed to be induced by radiation
exposure and can be utilized to monitor health risks [191-193]. In these studies miRNA-30 was
correlated to CD34 and immune response after radiation [192] and a dose and time dependent
decrease in miRNA-150 in the serum was correlated to lymphocyte depletion and bone marrow
damage [193]. There has even been a study by Ahmad et al., that identified high expression of
miR-15b-5p in head and neck carcinoma patients after exposure to radiotherapy and demonstrated
a significantly longer relapse-free survival when compared to patients with low amounts of miR-
15b-5p expression [194]. Although these studies don’t yet present a universal overlap or consensus
MIRNA profile associated with systemic radiation they do commonly show that circulating
miRNAs in both the serum and plasma can be utilized as a sensitive biomarker for radiation
biodosimetry [160, 189, 191, 193]. Additional studies need to be performed before a consensus
miRNA signature emerges, but there is strong indication that miRNA-based biodosimetry may be
possible.
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MiRNAs Related to Galactic Cosmic Rays and Solar Particle Events

There are promising data being produced showing that miRNAs have significant regulatory
influence upon biological functions as function of space radiation [46, 49, 55, 57-59, 63, 84, 85,
87, 90, 195-197] and potential to be used as a novel space biology dosimeters to quickly and
efficiently measure health risks associated with high-LET radiation. Since our adoption of a
systems biology approach to determine spaceflight associated miRNAs, components of this
miRNA signature have been recapitulated in other research. For example, from simulated
microgravity and radiation experiments done on the ground on human lymphocytes, Girardi et al.,
found both let-7 and miR-27a overlapped with our miRNA signature [57]. From experiments done
with C. elegans flown to space for 16.5 days and receiving a total measured dose of 1.92mGy of
space radiation, the human ortholog for the miRNAs being regulated by spaceflight was able to
show that again the let-7 family, miR-92a, and miR-34 provided overlap with our miRNA
spaceflight signature with impact on apoptotic pathways [87]. Zhang et al., was able to show in
human fibroblast cells flown to space for 14 days that the space environment impacts miRNAs in
the let-7 family for proliferative human fibroblasts while the non-proliferative conditions did not
significantly change miRNA expression when compare ground controls [197]. Utilizing serum
from a mouse model with whole body irradiation with both carbon ions and X-rays to simulate
space radiation, Wei, et al. demonstrated that both let-7a and miR-200b were the two most
significantly regulated miRNAs in the serum after irradiation [198]. From these studies there
seems to be a story emerging with a possible miRNA signature that can be used to identify health
risks associated with high-LET radiation.

MiRNAs Utilized for Space Radiation Dose Response at an Organ and Tissue Level

Our systems biology approach assumed that the miRNAs being regulated due to space
radiation will have a systemic impact on the entire body [63] since these miRNAs are circulating
throughout the body and thus easily accessing tissues, organs, and cells. Conversely, the miRNAs
emanating from those tissues, organs and cells can also freely circulate, and may thus change with
time the expression of the miRNAs observed in the blood. In certain disease models this bimodal
behavior of circulating miRNAs has been observed - mRNAs or genes and the miRNAs regulating
them may or may not be expressed similarly in both the blood and organs. For example in a drug-
induced liver injury model, it has been shown that miR-122 and miR-192 become highly enriched
in both the liver tissue and plasma following an overdose of acetaminophen which can be utilized
to demonstrate drug-induced liver injury for mouse models [199]. This work also demonstrates
that this miRNA pair has a dose and exposure-dependent change in the plasma that highly
correlates to histopathology of liver degeneration and can be detected significantly earlier than
current techniques for detecting liver damage. There has been research done showing how
miRNAs are released into the circulation from the cardiac muscle during heart failure or
myocardial infarctions and the specific circulating miRNAs associated with this disease can
potentially be utilized to determine systemic response to cardiac injury and drug response [200,
201]. Due to such high correlations between circulating miRNAs and organ response, researchers
have also investigated how miRNA expression can be a relevant biomarker for allograft injury and
function [202]. It has been shown that circulating miRNAs provide a good assessment for organ
quality [202], direct representation of ischemia-reperfusion injury [203], acute rejection [204,
205], chronic allograft dysfunction [206], and transplant tolerance for the organs [203].
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MiRNAs have been shown to be good biomarkers for organ response and effectiveness of
radiotherapy and chemotherapy, even showing specificity for tumor types [207]. Menon, et al.
demonstrated that specific circulating miRNAs can be used as a multi-marker panel to estimate
the toxicity in specific organs due to acute radiation sickness as a function of dose [208].
Circulating miRNAs have also been identified to be a good marker for hematopoietic injury
induced by radiation as a function of dose, while conventional methods did not provide the
sensitivity that the miRNAs exhibited [160]. A study on whole body exposure of low-LET
radiation with multiple doses revealed that there are organ specific circulating miRNAs that can
reflect the dose-dependence toxicity that occurs in different organs [189].

The promising results that we have put forth [63] coupled with such compelling evidence from
others in the field warrants future investigations of miRNAs as biodosimeters, chemosensors or
other biosensors for specific organ or tissue responses.

7. The Impact of miRNAs with Microgravity Response

To fully understand the cumulative effects of the space environment on human biology,
researchers need to not only study space radiation, but also microgravity. Ultimately, the synergy
of both components of spaceflight must be studied together to provide an accurate representation
of the biological changes that will occur in the body in space. Many decades of literature are
dedicated to the study of microgravity and biology including human physiological systems, and
unfortunately a thorough review of that deep resource is beyond the scope of our intent here.
However, a small portion of that work has been directed toward assessment of miRNAS in
organisms under microgravity-induced stress.

Simulated microgravity experiments are most commonly performed terrestrially using either
in vivo models typically utilizing a mouse hindlimb unloading model [209, 210] or in vitro models
utilizing clinostats or rotary cell culture systems which simulates microgravity for cell culture
models [211-213]. Using these models, investigators have discovered that miRNAs are indeed
heavily involved in the biological pathways and mechanisms in response to microgravity. Several
studies focused on microgravity’s well documented causation of bone loss and osteoblast
differentiation, have revealed that miRNAs play an important role in microgravity induced
osteoporosis. One recent study investigated osteoclasts in cell culture under simulated
microgravity conditions, showed a group of exosomal miRNAs are released from osteoclasts due
to microgravity and target genes and pathways related to osteoporosis [214]. Mir-494 was shown
in another study to inhibit osteogenesis and promote bone loss under microgravity conditions
which directly targeted BMPR2 and RUNX2 genes that are heavily involved in osteoblast
differentiation [215]. Mir-181c-5p was found to play an important role in microgravity induced
inhibition of osteoblasts and increased bone loss by inhibiting factors related to cell cycle such as
cyclin B1 [216] and Mir-132-3p has been implicated in bone remodeling under microgravity by
inhibiting osteoblast differentiation through targeting of the Ep300 gene [217]. Microgravity is
also known to induce cardiac and skeletal muscle atrophy and extensive studies have shown that
certain miRNAs are heavily involved in targeting myotropic pathways and genes [218]. Several
studies have also demonstrated that miRNASs regulate and directly target pathways in lymphocytes
and lymphoblastoid cells under simulated microgravity conditions indicating miRNAs possible
role with microgravity immune response [57, 59, 219]. Simulated microgravity experiments are
also done in humans utilizing head-down tilt bed rest models and have revealed involvement of
several circulating miRNAs involved with cardiac function and aerobic activity [220].
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Specifically, Ade and Bemben [220] show for the first time that circulating miRNAs under
simulated microgravity stress in humans contribute to upregulation of cardiovascular health related
issues involving physiological and pathological cardiovascular remodeling. So, in general there is
compelling evidence that miRNAs play an important role in the biological response elicited by
microgravity. A full understanding of the systemic impact of miRNAs in spaceflight will require
combining both microgravity and space radiation models, something that has yet to be
accomplished experimentally.

8. MiIRNAs Role in Increased Health Risks Associated with Spaceflight

In the previous sections we have cataloged the experimental evidence for miRNA-mediated
effects associated with both microgravity stress and space radiation. In the sections that follow, we
will cover in more detail the systemic and physiological changes occurring in astronauts during
space flight, and establish hypothetical links between these and miRNA function.

Immune Changes that Occur in Spaceflight Regulated by miRNAs

There is mounting evidence of immunological dysregulation among the astronauts, such as the
altered production of cytokines [221], enhanced sympathetic neuroimmune responses [222],
compromised functions of monocytes [223], suppressed cytotoxicity of T-cells and Natural Killer
(NK) cells [224], and reduced phagocytic capabilities of neutrophils [225]. Indeed, it has emerged
that the alteration of glucocorticoid-mediated immune responses are well-correlated with
spaceflight duration and that adaptive immunity shows high vulnerability to microgravity while
some aspects of innate immunity are amplified [226]. Such immune function-related factors impact
many organ systems. Abnormal production of immune cells in bone marrow disturbs bone
homeostasis, osteoclast activities and bone resorption. Also, chronic inflammation negatively
impacts modeling and remodeling of the musculoskeletal system. Related to neurological issues,
as described by D"Mello and Swain, there are four main potential peripheral communication
pathways to the brain that have been described in the setting of systemic inflammation: 1) the
neural pathway, 2) signaling via cerebral endothelial cells, 3) signaling via the circumventricular
organs, and 4) immune cell infiltration [227, 228]. These communications can be heavily disturbed
in the event of spaceflight induced immune dysregulation. Furthermore, immunological
dysregulations during spaceflight are likely compounded by significant alterations in skeletal
physiology under microgravity conditions, as bone-forming osteoblasts play an increasingly
appreciated role in support of lymphocyte development and function [229-231]. It has been shown
in mice and aging men that bone loss is associated with reduced lymphocyte counts [229, 230,
232] and bone mass decreases dramatically during spaceflight [233, 234]. Disrupted immune
health has long been recognized as an important factor in the pathogenesis and pathophysiology
of cardiomyopathy. Higher abundance of circulating cytokines holds causal relationship with
depressed myocardial contractility and high risk of heart failure. An elevated load of such
cytokines, trigger the production of nitric oxide (NO), which prompt a rapid recruitment of pro-
inflammatory cytokines and thereby initiates a vicious feedback loop. This loop eventually
implicates inotropism and heightens myocardial damage [235, 236].

Evidence suggesting polymorphic characteristics of miRNA-mRNA interactions [237]
endorses miRNAs as distinct posttranslational modifiers. The miRNAs can influence a wide range
of immune functions via suppressing the stability of targeted mRNA and causing immune
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dysregulation and inflammation [238-241]. Specifically related to spaceflight, Hughes-Fulford et
al. have shown that miR-21 was significantly expressed in human leukocytes that were flown to
the ISS and were directly targeting and regulating T-cell activation [58], and as highlighted in the
previous section there are additional studies that demonstrate miRNAs are responsible for immune
dysfunction through pathways involved with lymphocytes [57, 59, 219]. Chakraborty, et. al.,
demonstrated that when human endothelial cells were exposed to lipopolysaccharides on the ISS,
miR-200 and miR-146b played an important role with oxidative stress and immunity in space
[242]. With our spaceflight-associated miRNA signature we have made in silico predictions
predicting immunosuppression (Figure 5) which agrees with the current literature. Further space-
based research will delineate a specific miRNA signature that drives immune dysregulation during
spaceflight.

Spaceflight Induced Cancer Risk and miRNAs

Cancer risk due in space is mainly driven radiation from Galactic Cosmic Rays and Solar
Particle Events (which were previously described above). The majority of the studies on whether
space radiation will induce carcinogenesis and progression of cancer are ground based simulated
space radiation studies utilizing the NASA Space Radiation Laboratory (NSRL) at Brookhaven
National Laboratory (BNL) [243-245]. Utilizing their high energy beams, research has been done
with single heavy ion radiation and recently with mixed heavy ion beams that closely match the
composition of ions that an astronaut is exposed to in space [245]. Over the past decade,
investigators have been able to identify several types of cancer that are considered to be high risk
due to space radiation. These include breast cancer, lung cancer, leukemia, stomach, and ovarian
with the risk of lung cancer considered to be the largest [246-252].

MiRNAs have been shown to mediate both immunity and carcinogenesis [54] and are
increasingly used as biomarkers for cancer [72]. In the past decade many researchers have explored
the potential of utilizing circulating miRNAs as a tool to assess cancer risk and progression
monitoring during and after therapy [253]. Girardi et al. studied how miRNAs in human peripheral
blood lymphocytes under microgravity conditions upregulated miRNAs involved with direct
regulation of pathways that can potentially induce cancer risk [219]. A study done by Wang et al.
to investigate the ideal mouse model to utilize for determining spontaneous lung carcinogenesis
due to space radiation, revealed circulating miR-21 to be a key player [254]. Another study on
human lymphoblastoid cells under simulated microgravity conditions revealed seven differentially
regulated miRNAs that are highly associated with many different cancers and potentially can be
used as a biomarker of microgravity induced cancer risk [59]. MiR-22 was shown to be
significantly involved in colorectal cancer risk under microgravity stress, directly dysregulating
pathways related to cell cycle and apoptosis [255]. Utilizing a systems biology approach, we
identified a miRNA signature that is associated with patients with Diffuse Large B Cell Lymphoma
(DLBCL) [72]. This, coupled with evidence from clinical data and emerging evidence from space
biology is starting to reveal the important role that miRNAs have with cancer and the space
environment.

Spaceflight Induced Cardiovascular Risk and miRNAs

Cardiovascular disease is a prominent concern in astronauts under spaceflight conditions [256-
258]. Although experiments using low-LET (i.e. gamma or x-ray) experiments have been
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conducted to study radiation damage to the microvasculature, charged particle and microgravity
experiments are limited, and the implications of these risks need to be studied further.

Recently, distinct miRNA signatures in the serum have been identified in cardiovascular
disease [150, 160-163] with and without radiation damage. Fuentes et al., studied the impact of
simulated microgravity on neonatal and adult cardiovascular progenitors and discovered a group
of miRNAs that had an age-dependent impact on cardiovascular disease [259]. Camberos et al.,
discovered in adult cardiac progenitor cells experiencing simulated microgravity conditions and
also cells flown to the ISS, had upregulation of the Hippo pathway with YAP1 being a key driver
in effecting repair in cells [260]. In their study they showed that miR-302a is directly responsible
for inducing YAPL expression and may be a useful countermeasure for protecting cardiac
progenitor cells against spaceflight effects. Further work by others have shown other miRNAs
including miR-16, let-7 family, miR-99a, and miR-100, targeting YAP1 and the HIPPO pathway
on cardiac progenitor cells flown to the ISS which will impact cardiac development [85]. Ade and
Bemben studied the impact of circulating miRNAs related to cardiovascular disease utilizing
samples from head-down tilt bed rest subjects and discovered key circulating miRNAs that were
associated with cardiovascular disease were upregulated under the simulated microgravity
conditions (MiRNAs included: miR-29a, miR-1, miR-30c, miR-126, miR-133a, miR-378a, miR-
30b, miR-155, and miR-18a) [220]. We have delineated a group of miRNAs that are associated
with cardiovascular disease risk in the space environment [52] and predict this signature will
induce functional cardiomyocyte behavior that leads to disease. Overlap exists between our
signature the Fuentes miRNA group, suggesting some possible miRNAs candidates for future
cardiovascular risk studies.

Spaceflight Induced Muscular Degeneration and Bone Loss Risk and miRNAs

Skeletal muscle atrophy and bone loss is highly affected during spaceflight and is one of the
major concerns for health risk for astronauts [261-264]. In addition, muscle and bone degeneration
have been highly correlated and the interaction between these two tissues can be of major concern
in microgravity [265, 266]. In the clinic, miRNAs have been shown to be intimately involved in
bone related diseases, such as osteoporosis and malignant bone tumors [267-269] and miRNAs are
known to regulate bone metabolism, homeostasis and remodeling via genesis and cellular
differentiation of osteoblasts and osteoclasts, and skeletal development [268]. Circulating miRNAs
have been identified that serve as ideal biomarkers for the osteoporosis [269] and these identified
miRNAs can easily be implicated in bone loss due to spaceflight since the clinical diagnosis of
osteoporosis is highly correlated [270]. miRNAs have also been highly correlated with muscle
degeneration, atrophy, and wasting [271-273] and circulating miRNAs can be utilized as excellent
biomarkers for muscle-related diseases and novel therapeutics [273]. There are proven
relationships between circulating miRNAs which directly interact with bone disease and muscle
wasting simultaneously [274, 275] as in the case of miR-34a which originates from the skeletal
muscles as a function of age, increases in the circulation and directly induces senescence in primary
bone marrow cells to contribute to increased risk of bone disease [275].

Currently, there are more miRNA related spaceflight reports regarding muscular health than
there are for bone disease. For both muscle and bone related terrestrial experiments simulating
microgravity conditions, two models are used: 1) in rodents the hindlimb unloading (or hindlimb
suspension (HLS)) model [209, 210] and 2) for human ground based analogs, bed rest studies
where an individual is in bed for weeks to months under a —6° head-down tilt bed rest [60, 276-
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278]. Using HLS, Hu et al., show that miR-132-3p dysregulates osteoblast differentiation in rats
inducing bone loss [217]. Similar studies identify six miRNAs that control osteoblast
differentiation and proliferation [279], including Mir-139-3p which also induced osteoblast
differentiation and apoptosis in murine HLS models with progression of osteoporosis [280]. Mir-
208a-3p was another candidate for bone loss in another hindlimb unloading experiment which
revealed that this miRNA inhibited osteoblast differentiation. Inhibition of miR-208a-3p thus
upregulated osteoblast activity and mitigated the hindlimb unloading conditions [281]. From
human bed rest studies, it was discovered that a panel of 10 circulating miRNAs were related to
bone loss after 45 days of bed rest with miR-1234 demonstrating the major clinical relevance [60].

Experiments on muscle related miRNAs in spaceflight utilize the same experimental setups
and often present results closely related to those for bone loss. MiRNA data exists from research
done with rodents that have been flown to the ISS, something which does not currently exist for
bone related research. Several reviews discussing skeletal muscle miRNAs identified a group of
miRNAs associated with microgravity induced atrophy, inhibition of muscle growth, and muscle
wasting [273, 282] and specifically, miR-206 is shown to be decreased in spaceflight samples [55].
A summary of hindlimb suspension experiments shows observed decreases in several other
MiRNASs (miR-107, -208b, -221, -499 and -23b) that result in atrophy, and several human bed rest
studies show similar miRNA involvement via biopsy or circulating miRNA profiling [83, 283-
285]. One of these studies demonstrated that the bed rest subject’s atrophy is due to miRNAS
influencing the immune system, specifically, miR-1-3p, miR-95-5p, let-7a-5p and miR-125b-5p
have inflammatory roles, thus dysregulating skeletal muscle proliferation and differentiation as a
downstream sequela [83]. Interestingly, two of these, let-7a-5p and miR-125-5p are part of our
predicted circulating miRNA spaceflight signature (Figure 2) [63]. In another bed rest study it was
discovered that miR-206, miR23a, and members of the let-7 family were driving skeletal muscle
responses to inactivity [285] similar to the expected response human skeletal unloading in
microgravity.

Spaceflight Induced Central Nervous System (CNS) Risk and miRNAs

In the past two decades, spaceflight has been shown to have significant impact on the central
nervous system (CNS). This includes effects on normal cognitive abilities, behavioral changes,
motor activity reduction, and an increase in CNS disease with Alzheimer’s like impacts on short-
term memory, dementia, and potential premature aging [286-288]. CNS related health risks in
space have been attributed to both microgravity and space radiation. Microgravity has been shown
to induce changes in cortical structure and function influencing motor functions and timing in
astronauts [289]. Radiation certainly affects astronauts’ cognitive abilities and causes behavioral
issues, in addition to increasing risk of Alzheimer’s disease [286, 288]. Anatomic and behavioral
studies in mice have shown that the CNS has a unique susceptibility to space radiation exposure,
with a degeneration of delicate neuronal structures that could lead to performance decrements
and/or long-term sequelae [290, 291]. Clinical data from cranial radiotherapy from brain cancer
patients showed that CNS radiation exposure can cause progressive and debilitating effects on
cognition, including learning, memory, processing speed, attention, cognitive flexibility, executive
function and behavioral disorders as increased anxiety, mood changes and depression [290]. Other
clinical studies have also linked these effects to persistent neuroinflammation [290]. Although
clinical data provided important insights for the CNS response to radiation, the complex space
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environment with the presence of microgravity confounds the known clinical radiation effects
[290].

Clinical data suggests that miRNAs play an important role in CNS related diseases with the
potential of utilizing miRNAs as biomarkers and therapy [292-296]. It has been shown that
miRNAs can drive neuroinflammation which can affect various neurological diseases such as
Alzheimer’s disease, multiple sclerosis, and ischemic stroke [297]. Research has also shown many
miRNAs to be heavily involved in development and maintenance of normal neuronal
function.[292]. This has led researchers to hypothesize that key miRNAs might be driving
neurodevelopmental disorders, neuropsychiatric disorders, and neurodegenerative disorders. For
example, miR-16 induces a depression-like phenotype in rats [298]. Mir-34a, miR-125b, and miR-
146a (among other miRNAS) have been implicated in Alzheimer’s disease [299-301]. These
miRNAs have also been shown to be circulating in the blood and cerebrospinal fluid and
researchers have started to realize the potential of these miRNAs as minimally invasive diagnostic
biomarkers for various neurological diseases [294, 302, 303].

With regard to actual spaceflight model neural system research, not much yet exists. Khan et
al., performed a whole body proton irradiation on mice simulating SPE irradiation and potentially
identified eight miRNAs (miR-409-5p, miR-205, miR-100, miR-501-3p, miR-99b, miR-674, and
miR-412-5p) being dysregulated in the brain of these mice compared to the controls [195]. Mir-
21 was also identified in another study to be induced in the brains of mice exposed to whole body
irradiation of °°Fe ions and was found to target the EGFR pathway [304]. Neural miRNA profiles
of microgravity models are non-existent, and as such, we currently have to rely on CNS related
miRNA research to provide insight about CNS related health risks that might occur in space. As
one example, 4 of the neurological disease related miRNAs mentioned above (miR-16, miR-34a,
miR-125b, and miR-146a) have been shown to be dysregulated in our spaceflight associated
circulating miRNA signature (Figure 2) [63].

Spaceflight Induced Spaceflight Associated Neuro-ocular Syndrome (SANS) and miRNAs

Spaceflight associated neuro-ocular syndrome (SANS) [305] has recently gained the attention
of NASA as a potential health risk that can affect performance of astronauts in long-term space
travel. It has been reported that astronauts on the ISS and also on space shuttle present with the
following post-mission conditions associated with SANS: optic disc edema, globe flattening,
choroidal folds, nerve fiber layer infarcts, thickening with the nerve fiber layer, and decreased
vision [305-307]. The impact of SANS during missions is critical - decreased near visual acuity
and on-orbit decreased distant visual acuity [305-307]. After return to Earth, the majority of
astronauts gradually return back to their original vision with a few having minor residual effects
[306, 307], although long lasting effects have yet to be correlated with exposure time and age. For
a long-term space mission (i.e. trip to Mars), SANS may be prohibitive.

To date there is no clear understanding of what is causing SANS and how to remedy this health
risk. It has been thought that SANS might be related to hypertension or microgravity affecting the
cerebrospinal fluid in the orbital subarachnoid space due to elevated cerebrospinal fluid sheath
pressures [305, 306]. Current knowledge is very limited on what the actual mechanisms causing
SANS is and how what possible countermeasures can be used against it.

Research on miRNAs in ocular diseases such as glaucoma [157], diabetic retinopathy [158],
cataracts, macular degeneration, and many other eye-related disorders [159] has been performed.
Specific miRNAs are found in the tears which are associated with such eye disorders [157-159]
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and a known circulating miRNA profile can be used as a biomarker for diabetic retinopathy [158].
We would, of course, hypothesize that there will be a correlation between miRNAs regulating
SANS and a circulating profile or biomarker or therapeutic, and suggest that further research be
done in this arena as well.

9. Conclusion

We have provided a comprehensive review of current space biology research focused on
miRNAs. We have addressed the impact that miRNAs have in general on health risks associated
with the space environment and explored their potential roles as biomarkers or therapeutics.

We briefly discussed the role of miRNAs in organisms other than mammals, but primarily
focused on miRNAs associated with human health since the astronaut will be the ultimate model
system for long term space travel. We hope we have convinced the reader of the importance of
studying miRNAs in space biology research, adding that such endeavors may also enhance our
understanding of terrestrial biomedicine.

As is apparent from this review, there are still many gaps to be filled, but the existing evidence
from terrestrial disease-based miRNA research can be extrapolated to a vision of space-based
correlates for multiple physiological systems. One major gap regarding miRNA research related
to the space environment, is research involving miRNA response related to doses that will be
received during a long-term mission to Mars [308]. The current literature referenced for this review
related to miRNASs and space radiation, currently are either done at low Earth orbit on the ISS (i.e.
with low space radiation dose exposures) or with single particle exposure acutely delivered and/or
utilizing higher doses that an astronaut will experience on a mission to Mars. So, the current
challenge with existing miRNA research in space biology is to extrapolate the result to accurate
doses that an astronaut will be exposed to during long-term space missions. The new mixed ion
fields now being offered at the NASA Space Radiation Laboratory (NSRL) [244] to provide more
accurate simulation of GCR radiation for long-term space missions are a step in this direction. We
recommend that future studies utilizing NSRL should incorporate miRNAs to fully characterize
miRNA relevance to long-term missions in space.

We hypothesize that miRNAs have great potential to be used as a minimally invasive
biomarkers for monitoring astronaut health during spaceflight. We also believe that in-depth future
studies of miRNAs associated with spaceflight will unlock novel and cutting-edge
countermeasures to mitigate the spaceflight effects on humans.
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